Non-targeted metabolite profiling by ultra performance liquid chromatography coupled with mass spectrometry (UPLC-MS) is a powerful technique to investigate metabolism. The approach offers an unbiased and in-depth analysis that can enable the development of diagnostic tests, novel therapies, and further our understanding of disease processes. The inherent chemical diversity of the metabolome creates significant analytical challenges and there is no single experimental approach that can detect all metabolites. Additionally, the biological variation in individual metabolism and the dependence of metabolism on environmental factors necessitates large sample numbers to achieve the appropriate statistical power required for meaningful biological interpretation. To address these challenges, this tutorial outlines an analytical workflow for large scale non-targeted metabolite profiling of serum by UPLC-MS. The procedure includes guidelines for sample organization and preparation, data acquisition, quality control, and metabolite identification and will enable reliable acquisition of data for large experiments and provide a starting point for laboratories new to non-targeted metabolite profiling by UPLC-MS.
Introduction
The term "metabolomics" can encompass many things. For example, a metabolomics experiment can be performed using a variety of analytical platforms such as NMR and both gas and/or liquid chromatography coupled with mass spectrometry. Furthermore, metabolomics experiments can be performed in a targeted or non-targeted manner, or a combination of both. A targeted metabolomics experiment will involve directed analysis of a panel of molecules important to the biological question at hand (e.g. small molecules involved in the TCA cycle will allow for accurate quantitation of that pathway). In this situation, the biological hypothesis is dictating the choice of metabolites to be targeted in the analysis and the analytical steps are optimized for the detection of these molecules. Alternatively, a non-targeted metabolomics experiment is hypothesis generating. In this case, the experiment is performed in a broad and unbiased manner to enable detection of as many metabolites as possible. The results from a non-targeted experiment will drive the next step of the research (which in many cases may involve a targeted metabolomics workflow). It is also possible to combine the two approaches, in which case an experiment is performed in a non-targeted manner while concurrently a panel of known molecules are monitored within the data.
The tutorial presented here is focused specifically on non-targeted metabolite profiling of serum. As described above, the non-targeted approach provides an unbiased view of the detectable metabolites, can generate large amounts of information, and ultimately allow for novel discoveries. The use of this approach, specifically employing ultra performance liquid chromatography coupled with mass spectrometry (UPLC-MS), is becoming widespread 1, 2, 3 and involves the following steps: (1) experimental design (2) sample collection (3) sample preparation (4) data acquisition by UPLC-MS (5) data pre-processing (peak detection, integration, alignment, and normalization) (6) statistical data analysis (both uniand multivariate) (7) metabolite identification and (8) biological interpretation.
Currently, there are no established standard methods for UPLC-MS based non-targeted metabolite profiling and subsequent data pre-processing steps. This lack of standardization is due in part to one of the primary analytical challenges of metabolite profiling; the chemical diversity of the metabolome. Because of this diversity, it is impossible for a single extraction method or mass spectrometry acquisition method to provide comprehensive coverage of all metabolites in a single analysis. In concept, metabolite coverage can be maximized by using multiple extractions (e.g. aqueous, methanol, chloroform:methanol, etc.) coupled with various chromatographic conditions (e.g. reverse phase, HILIC, etc.) and various ionization modes (e.g. positive ion, negative ion, chemical ionization, etc.). Often, however, researchers do not have a pre-determined bias for a specific chemical class and thus the expense of performing multiple extractions and instrument acquisitions is not warranted, especially for large-scale experiments. Thus, the video tutorial presented here was designed to provide a general procedure for large scale non-targeted metabolite profiling of serum by UPLC-MS. It will enable new and established laboratories to perform these types of experiments and the building blocks upon which they can expand the approach for various sample types, specific chemical classes, or targeted analysis. Specifically, this protocol will include the steps of: serum sample preparation, sample organization for large scale studies, UPLC-MS data acquisition, quality control (QC) procedures, and metabolite identification. Strategies for data pre-processing and statistical analysis are also presented.
The protocol will not focus on the steps of experimental design, sample collection, or biological data interpretation as it is outside the scope of this tutorial. However, many resources exist in the literature for these topics and the authors encourage researchers new to metabolomics to explore these thoroughly 4, 5, 6, 7, 8, 9 . In particular, experimental design is extremely important and is critical to the success of a non-targeted metabolomics experiment. Factors such as appropriate biological replication and consistency in sample collection procedure (e.g. time on bench, storage temperature, storage time, freeze-thaws, etc.) must be considered to ensure a viable study and to facilitate appropriate biological interpretation of the data.
Protocol

Sample Organization
1. To create a plate map for sample preparation on a spreadsheet, in the first column enter a sample list in order of loading. In a second column enter the 96 well plate locations using correct nomenclature for your autosampler software. 2. Save one well in each plate for QC samples. 3. If your LC autosampler can handle two plates at a time, separate the sample list into batches of 190 and save this information in a second worksheet. 4. Within each of these batches, use the randomize function [note: "=rand()"in Excel] to randomize the injection order. Now copy and paste your injection order into the LC-MS sample queue software system. Randomization should occur among batches, within batches, and be unique across injection replicates.
1. Prepare a 10 ml stock of QC sample containing minimum of four compounds of known mass and retention time that span the chromatographic elution of the experiment. (note: caffeine, reserpine, sulfadimethoxine, and terfenadine at a concentration of 2 μg/ml each). 2. Thaw the serum samples on ice and gently vortex for ~5 sec. 3. Pre-wet the tips of a 12-channel pipettor with methanol to help prevent tip-dripping during sample dispensing. Then add 370 μl of cold methanol to each well of a 96 well plate. 4. Transfer 100 μl of each sample to the corresponding plate location from the plate maps. Cover the plates and incubating at -80 °C for 30 min to precipitate the proteins. 5. Spin the plates in a 4 °C centrifuge at 3,200 x g for 30 min. Transfer 250 μl of supernatant to a new 96-well and repeat the centrifugation. 6. Now transfer 60 μl aliquots of the supernatant to three 96-well plates suitable for the UPLC or LC autosampler. 7. Add 100 μl of QC sample mix to the reserved well position on the plate. 8. Seal each plate with adhesive film. Solvent may evaporate quickly after the well is pierced, and therefore injections should only be performed once from each plate. Plates in the sample queue can be stored in the short-term at -20 °C.
UPLC-MS Data Acquisition
1. Set the autosampler to 4 °C and place first two plates into autosampler. 2. Set up the acquisition method using one of the two alternative reverse phase gradients. Gradient A is biased towards non-polar molecules while gradient B will provide improved coverage of moderately polar molecules. , and mass accuracy (+/-3 ppm) of the third through fifth injections. These parameters may need to be adjusted to fit the specifications of the instrument being used for data acquisition. 5. If QC samples pass, acquire data on serum samples for those two plates. If QC samples fail, sample data is not collected until the issue is resolved and the QC samples pass. In our laboratory we have found that these parameters are consistently stable over three days of injections (i.e. the injection of 2 96 well plates). If your system is found to be unstable over this time period, more frequent QC injections may be appropriate. The QC sample is used not to correct poor quality data, but to prevent poor quality data from ever being collected.
Peak Detection, Integration, Alignment, and Normalization
There are a variety of options to perform these steps including freeware and vendor specific tools. This step has been skipped in the video tutorial but our approach is described below as an example.
For each sample, the analytical data generated from this type of experiment is a profile of ions as described by a retention time, m/z value, and a spectral intensity. A non-targeted metabolite profiling experiment will be comprised of many samples and thus peak detection, retention time alignment, and normalization must be performed to enable subsequent statistical analysis of the dataset.
1. Export raw data into .cdf format using the Waters DataBridge software. Perform peak detection and retention time alignment using the XCMS software package 10 (freeware available at http://metlin.scripps.edu/xcms/) and is executed in the R statistical environment 11 ). The website contains documentation on how to download and run the software. 2. Use the "matchedfilter" method within XCMS with the following parameters: full width at half max = 8 sec, S/N ration = 3, maximum of 100 peaks for each extracted ion chromatogram. Perform feature grouping, retention time correction, regrouping, and fillPeaks steps. The output of the XCMS software is a data matrix with all detectable features listed as rows, each experimental sample as a column, and cells are populated with the peak area of each feature in each sample. Transposition of this dataset may be necessary for incorporation into downstream statistical workflows. 3. Normalize the data matrix in R by dividing the peak area of each feature in a given sample by the sum of the extracted ion peak area (referred to as total ion current, or TIC for that sample (multiplied by a 100,000 to make the numbers more amenable for visual data interpretation). 4. Remove outliers. Outliers in the data can result from either a bad injection of a good sample or a good injection of a bad sample.
1. Perform outlier detection in R using the outliers package with the following parameters: (1) TIC values and (2) PC scores with 99.9% confidence. 2. If outliers are present, the corresponding data files are removed and peak detection, alignment, and normalization procedures are performed again.
5. Average the normalized peak areas by sample identifier (to average multiple injections). This must be done prior to performing statistical analysis (note injection replicates account for analytical variation, but cannot be used as true biological replicates).
Statistical Analysis
For metabolomics experiments, both multivariate and univariate statistical techniques are necessary for data interpretation. Two techniques that are commonly used include Principal Component Analysis and Analysis of Variance (ANOVA). There are multiple ways to approach statistical analysis of the data and both open source and commercial software tools are available. This step has been skipped in the video tutorial but our approach is described below as an example.
1. Perform ANOVA by applying an aov function to the dataset in R.
2. Account for false positives using a Benjamini-Hochberg adjustment (p.adjust function in R). 3. Conduct PCA with the Pareto-scaled (unit variance can also be applied) and mean-centered dataset. Both PC scores and loadings are calculated using the pcaMethods package in R. 4. Use ANOVA p-values, loading scores, and fold-change parameters to determine molecular features that best described variation associated with the experimental treatment. 5. Manually interrogate each molecular feature of interest to determine if it corresponds to a molecular ion, adduct (e.g. sodium, potassium, or dimer), or neutral loss.
Metabolite Identification
The workflow presented here is very general and can be applied to results from any instrument platform. An alternative strategy is presented in the Discussion section.
For all statistically significant features (as determined from analysis in
Step 6) review the raw data and confirm that parent ions, sodium adducts, isotopes, and fragments follow similar trends across the dataset. For example, the ANOVA-derived p-value for a parent ion should be similar to its isotope. This indicates that both molecular features correspond to the same metabolite. 3. Use software to predict a molecular formula from the accurate mass and isotopic distribution of your significant molecular features. In Waters software, this is performed using the Elemental Comp tool in the MassLynx package. 4. Filter candidate metabolite identifications by: mass error (as suitable for your instrument platform), predicted molecular formula, biological relevance in the trends observed with respect to experimental design, and retention time (e.g. lipids and other non-polar compounds will have longer retention times when employing reverse phase chromatography). 5. Perform subsequent experiments to acquire the MS/MS fragmentation for statistically significant molecular features. Whenever possible, metabolite identification should be based on matching experimental fragmentation peaks and retention time to that of an authentic standard acquired on the same instrument. Alternatively, experimental fragmentation can be matched to a spectral database. 6. Identification confidence should be assigned to all reported metabolite identifications based on metabolomics standards initiative recommendations 12 .
Level 1: confident molecular identification based on orthogonal analytical parameters (accurate mass, retention time, and MS/MS fragmentation) relative to an authentic compound.
Level 2 refers to a putative identification base on physicochemical properties and/or spectral similarity with literature or spectral libraries.
Level 3 refers to the putative identification of a compound class based on physicochemical properties or spectral similarity.
Level 4 refers to an unknown compound.
Representative Results
The basic analytical steps of a non-targeted metabolite profiling experiment by UPLC-MS are outlined in Figure 1 . The raw data for each sample can be visualized as a base peak chromatogram. Figure 2 shows an example base peak chromatogram of a serum sample analyzed by gradient option (a) in the tutorial. Following statistical analysis as described above, metabolite identification is attempted for all statistically significant molecular features. Confident identification (level 1) requires matching of chromatographic retention time, accurate mass, and fragmentation pattern, acquired on the same analytical instrumentation, between the experimental molecular feature and an authentic standard of the putative metabolite. Figure 3 shows and example of a level 1 metabolite identification of caffeine in human serum.
The protocol presented here is focused on sample organization and preparation, UPLC-MS data acquisition and quality control, and analytical metabolite identification. The steps of peak detection, alignment, and normalization and statistical analysis are critically important to the output of a non-targeted metabolite profiling experiment, however, we chose to skip them in the video tutorial as there a multiple options and tools available for performing these tasks. Many of the tools are vendor specific, although freeware options are available. An example of our approach to these steps is presented in the protocol above. 
Discussion
This tutorial is meant to serve as a starting point for conducting large scale non-targeted metabolite profiling by UPLC-MS. The workflow is focused on metabolites that can be extracted with an aqueous methanol solvent, retained on a C8 or C18 UPLC column, and detected as positive ions. In the situation where there is not a pre-determined bias towards a specific metabolite class and a hypothesis generating global profile is desired, this protocol is valuable as it will result in the detection of a large percentage of serum metabolites from a variety of chemical classes (i.e. moderately polar to non-polar compounds). If budget and time allow, metabolite coverage can be easily expanded by the incorporation of various extraction methods, chromatographic separations, and ionization modes 13,14 15 .
Data stability over time is an important analytical consideration for large scale experiments in which data may be collected over many weeks or months. Given the unbiased and holistic nature of the approach, the incorporation of an internal standard (or even a panel of internal standards) for the purpose of data normalization is not appropriate and may in fact skew the data, as the assumption that an internal standard is representative of the entire metabolome is invalid. Additionally, given the natural variation inherent to serum, the use of an endogenous internal control should be approached with caution. Proper sample preparation and randomization combined with the normalization strategy described below can ensure normality across the dataset. In addition, the use of easily quantifiable and traceable QC metrics during data acquisition ensures analytical stability (e.g. retention time, sensitivity, and mass accuracy).
While the unbiased nature of non-targeted metabolite profiling allows for the generation of large amounts of data and the potential for novel discoveries, it is marked by a substantial limitation in the challenge of metabolite identification. Small molecule spectral libraries are well developed for gas chromatography (GC)-MS applications utilizing electron impact ionization, but have been slow to develop for LC-MS small molecule applications. Unlike peptides, which fragment predictably, metabolites are structurally diverse, making their behavior in the mass spectrometer less predictable, and this has greatly inhibited the generation of theoretical spectral databases (as used in proteomic applications). Recently, some progress has been made in the generation of small molecule LC-MS spectral libraries through the analysis of authentic standards 10, 16 , and these libraries continue to grow. However, given the complexity of the metabolome, variation of the metabolome between biological sources, and the variation in molecule fragmentation with MS conditions, the generation of comprehensive spectral libraries through the analysis of authentic standards is a slow and tedious process. Thus, the process of molecular identification remains a significant bottleneck in non-targeted LC-MS based metabolite profiling studies 1, 17 .
An alternative approach to the metabolite identification workflow described in the protocol is to incorporate indiscriminant MS/MS acquisition (idMS/MS) as part of the initial metabolite profiling workflow. In this approach, MS and MS/MS acquisitions are performed simultaneously in parallel alternating scans, and the MS/MS acquisition is an indiscriminant process, i.e. no precursor ion isolation is employed. Thus, using an idMS/MS workflow, both the MS and MS/MS signals are acquired concurrently for every sample, eliminating the need for subsequent targeted MS/MS acquisition. The challenge of this approach is the assignment of precursor-product ion relationships. A workflow for this analysis was recently described by our group and can be implemented in R 18 . The output of this workflow is reconstructed MS/MS spectra for each detectable metabolite that can be used to compare against an authentic standard and/or searched against public or in-house spectral databases. The advantage of this approach is that it does not require subsequent mass spectrometry experimentation to facilitate the metabolite identification process. Mass spectrometers from Waters are capable of performing this type of data acquisition in what is called MS E mode. Alternative approaches are possible for tandem MS/MS instruments from other vendors. For example, two injections of each sample can be performed, one using low collision energy and a second at high collision energy. If using a non-tandem instrument (e.g. ESI-TOF), the data can be collected using two injections at two different cone voltage settings, where higher cone voltage induces increased in-source fragmentation. Several instrument platforms do allow scan to scan parameter switching, which often includes both collision energy as well as cone voltage settings 18 .
The workflow for metabolite identification presented in the protocol, as well as the alternative strategy described above, are both focused on the assignment of molecular features to known metabolites. Thus, there still remains the significant challenge of unknown metabolite identification. At this time, the key strategy for structural elucidation of unknown metabolites remains focused on isolation and concentration of the metabolites with subsequent analysis by NMR 17 . This is not practically feasible for a large number of metabolites and thus the molecular identification of unknowns represents a major analytical hurdle that will continue to be a priority for the field. An example of current efforts in this area is the development of in-silico spectral libraries of small molecule metabolites. Kangas et al. have recently published a tool for the generation of insilico spectra of lipid compounds 19 . Work such as this has the potential to significantly expand coverage in MS/MS spectral libraries to all known biological compounds, with the caveat that some compounds classes will be more difficult to predict than the lipids.
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